The DNA sequence of the HindlII T fragment of human cytomegalovirus strain AD169 has been determined. This 6225 bp sequence has been analysed for transcription signals and probable open reading frames. Similarities with herpes simplex virus, varicella-zoster virus and Epstein-Barr virus genes were observed for three of the predicted open reading frames; a virion protein and a unique DNA helicase are believed to be the functional products of two of these open reading frames. Two other open reading frames are novel in that no homologues could be found, either in the known herpesvirus sequences or in the Protein Identification Resource database. Both of these open reading frames also lie in the genomic coding region of a 5-0 kb RNA which is transcribed throughout the infectious cycle.
Introduction
Human cytomegalovirus (HCMV), like the other members of the human herpesvirus family, herpes simplex virus (HSV) types 1 and 2, varicella-zoster virus (VZV), Epstein-Barr virus (EBV) and human herpesvirus 6, is characterized by the properties of latency, persistence and reactivation. Biologically, HCMV is distinguished by its high degree of species-specificity, relatively slow reproduction cycle and the largest genome of the human herpesviruses (Roizman, 1982) . Clinically, HCMV is known for its ubiquitous nature, infecting the majority of the world's population at some point in their lifetime (Alford et al., 1982; Krech, 1973) . Because of both the lack of viral genetics and the obstacles inherent in producing large amounts of HCMV, the direct analysis of genetic material will most probably provide the future framework for understanding of the virus, as has been the case with many of the herpesviruses, e.g. EBV (Baer et aL, 1984) , VZV (Davison & Scott, 1986) and HSV-1 (McGeoch et al., 1988a) .
The DNA sequence of the HindlII T fragment of HCMV strain AD169 is 6225 bp in length and contains five probable open reading frames (ORFs). Of these, three are similar to known herpesvirus ORFs, UL103 with HSV UL7, EBV BBRF2 and VZV 53; UL104 with HSV UL6, EBV BBRF1 and VZV 54; and UL105 with HSV UL5, EBV BBLF4 and VZV 55. Homologies between the HSV, VZV and EBV proteins have been analysed previously (McGeoch et al., 1988a; Davison & Taylor, 1987) . In addition, two protein sequences unique to HCMV, UL106 and UL107, are described.
Methods
DNA sequencing. HindllI fragment T was isolated from the pAT153 recombinant plasmid H1B1 (Oram et al., 1982 ) and a sonicated library (Deininger, 1983) was constructed and cloned into the M 13mp8 SmaI site (Messing & Vieira, 1982) . Random shotgun data were generated using the dideoxynucleotide sequencing method as described by Bankier et al. (1988) .
Sequence analysis. The data generated were entered directly from autoradiographs into a VAX computer using a sonic digitizer (Sonic Accessories) and the program GELIN (Staden, 1984a) . This information was then aligned and overlapped by the programs DBAUTO and DBUTIL (Staden, 1982 (Staden, , 1980 . The nucleic acid sequence was analysed using ANALYSEQ (Staden, 1984b) and the predicted protein sequences were analysed by ANALYSEP (R. Staden, personal communication) ; comparison alignments were done using the program FASTA (Lipman & Pearson, 1985; Pearson & Lipman, 1988) .
Results
The HindlII restriction map of HCMV strain AD169 (Oram et al., 1982) and fragment T are shown in Fig.  1 (a) . Having established the nucleotide sequence of fragment T, two complementary approaches were used in an attempt to define the most likely coding regions. First, the sequence was screened for ORFs above a certain size; a cut-off of 300 nucleotides in length was initially selected. Second, the existence of transcription signals and their relationship to the ORFs was examined for logical combinations of ORFs, CAAT (Efstradias et UL103  -463  412  24911  28637  UL104  -2522  2453  697  78508  UL105  +  2161  2281  956  106501  UL106  -5685  5679  125  14500  UL107  -6225  150  17374   EBV BBRF2, VZV 53, HSV UL7  EBV BBRF1, VZV 54, HSV UL6  EBV BBLF4 , VZV 55, HSV UL5 * Nomenclature is from Chee et al. (1990) . "i" Start site is the beginning of the ORF. :~ Location of predicted Kozak consensus ATG codon (Kozak, 1984 (Oram et al., 1982) . (b) Organization of ORFs within fragment T. All six reading frames are presented with vertical lines representing stop codons, and arrowed boxes representing the ORFs discussed in the text. The hatched box for UL103 denotes its termination in the contiguous fragment.
al., 1980) and TATA (Corden et al., 1980) boxes, and polyadenylation signals (Proudfoot & Brownlee, 1976) . Using only these methods, of the 30 ORFs originally selected by size five were identified as being most likely to encode translation products (Fig. lb) . The HCMV ORFs have been numbered from the left end of the unique or repeat regions in which they lie, according to their positions in the prototype genome (Chee et al., 1990) . Hence the HindlII T fragment ORFs are designated HCMV UL103 (unique long 103) to HCMV UL107. In this paper numbering is from the first base of the HindlII recognition site at the HindlII R/T fragment junction. Fig. 2 shows the consensus nucleotide sequence of the T fragment and the amino acid sequence of its five ORF translation products, UL103, UL104, UL105, UL106 and ULI07. Table 1 shows the length, M~ and homologies of these translation products.
HindlII T reading frames (i) ULI03
This ORF has its first in-frame methionine at position 412 and so the predicted translation product overlaps that of UL104. No easily recognizable TATA consensus was identified. Of possible importance is that UL103 is preceded by a 10 base palindromic sequence (position 411, TAAAGCTTTA) and two GC-rich inverted repeats (positions 438 and 467, CGGCGCGGCGA). Direct repeats have been found to play a role in transcriptional enhancement in many viruses (see Thomsen et al., 1984; Boshart et al., 1985) ; what role, if any, the direct repeats preceding UL103 play is not known.
Diagon plots show some similarity between UL103, HSV UL7, EBV BBRF2 and VZV 53 (Fig. 3a) .
(ii) ULI04 The second largest ORF in fragment T has its first inframe ATG at position 2453. The coding regions of UL105 and UL104 therefore overlap by 174 nucleotides. A TATA box consensus at position 2965 is separated from the in-frame ATG by another upstream ATG at position 2891. As no obvious splice sites are present, the possibility that a readily recognizable promoter is not present must be accepted.
Diagon plots show that UL104 shares moderate similarity with HSV UL6, EBV BBRF1 and VZV 54 (Fig. 3b) 
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CACATTCCTTTTGCACTG~J~ATAACTCGTCCCATTTTTGGTGCATGTTCTTGGTGCAACAGATAGGGGTTTTTTTGTGTGTGGCAGTCCCTTGTGTAGCGGATATCTATCGCCGTGAAAT CATA~AC CAC CG TAC C TGCATCAC GGTG GC TCGATACAC TGGAAATTC AAT;t~J%AACCACC G TGTCTC CG TGACGGTAC TTATCG GGTCAG C GTCTTTTGAGATTTC TG TTC G TAAAC T 5400 G T ATTTTG GTG GCATG G ACG T AGTGCCAC CGAG CTATG TGACCTTTAAGTTATTTTTGG TGG CACAGAGGCACTGCCATGAATAGC CCAGTCGCAGAA~-~CTCT~AAGACAAGCATTTGA
TATC C GTTTC C CCGGTCCGC GGTGTCTCC TCGC GAGGCTGACAGTCGACGGGTGGTACCTGCAAGAGAAG~u~ACCC~GGTGGGAGCGACGCCGTCGCTGGGTATCAACCCC GCGGCTGAC 5520
A TAGGCAAAGG GGC C AGGCG C C ACAGAGGAGC G CTC CGACTGTCAGC TGC C C AC CATGGAUG TTC TCTTCTTTGGGC C C AC CC TCGC T GCGGCAGC G ACCCATAGTTGGG G CGC CGACTG
C GTC G TC C GG T~J%AGGAACAAC C CG TCGTC GCAAGC CGG GTTCGACCAAGAG~C C CG GGTGCGGGG GGAGAC G GGTCG TCC TTTGGTTGTTCGCGGACG GCGTACATG C CGC GTG 5640 When screened against other herpesvirus proteins, highly significant FASTA scores were detected with three herpesvirus proteins, HSV UL5, EBV BBLF4 and VZV 55. Diagon plots showing the similarities are displayed in Fig. 3 (c) .
GAGAGGATGCCTTATAACATGT•TTTTGAAAAATTGCCAACAGCTATAATTTCTCTCATGTAGCAG•ATAGAGACCTTTTGTCGTCTTTTTGTTTGTCATTACTTGTTTTCCAGGGAATT 5880
C TC TC CTAC G GAATATTGTACATI~%AACTTTTTAAC GGTTGTCGATATTAAAGAGAG TACATC GT C TTATCTCTGG~CAGCAG~d%ACA~CAGT~ATG~C~.%AGGTC CC T TAA L M Y K S F N G V A I I E R M Y C F L 5 R K D D K Q K D N S T K W P I L ULI07 AGAGAGAGGGAACC GC GCCTCCGGCGGCGGTGCCCGCGGACCCCGGCCCCTTCTCGCGTGCGCGGTGTGACTGGTTGAGCG~TGAGCAGCTAGGCTTGGTGGTGCTCCGCGTGCGGGGG 6000 TC TC TCT C CC TTG G CGC G GAG GC C G C C GC CAC GGGC GC CTGG G G C CG GGGAAGAGC GCAC GC G CCACAC T GACC~C TCGC T TACTC GTC GATCC G~C CA C C AC GAG GC GCAC GC C CCC S L S G R R R R R H G R V G A G E R T R P T V P Q A F S C S P K T T S R T R P L ULI07
AGAAGAC GATTAACAAC;ha~ATAAGTGG~G TG GCC GGTG GGTCTTTG TCC GCG TGC G CG C CCATCC GTC GC C GG GAC C GAGCAGAAAGTGATG TG GTG G TACATTGATTTTTTC CTT 6120 TC T TC T GC TAATTG T TG TTTTTTATTCAC C T TCAC C G G C C AC CCAGAAACAGG C GCACGCGC G GGTAGG C AG CGGCC C TGGCTCGTC
A number of glycosylation motifs (Neuberger et al., 1972) occur in each of the four conserved herpesvirus protein sequences. The hydropathic nature of these sequences was examined by the method of Kyte & Doolittle (1982) and, although quite similar, there is no evidence to show that these are membrane proteins.
(iv) ULI06 A TATA consensus sequence at position 5719 is found 40 bases upstream from an in-frame methionine codon and a polyadenylation signal is found downstream from the ORF at positon 5184. UL106 encodes a predicted protein product of 125 amino acids and is unique to HCMV in that protein database searches have found no homologues. A bias towards G and C residues occurs in the third (degenerate) position of UL 106 codons, which is characteristic of genomes possessing a high (G + C) content which do not encode a protein of dramatically biased amino acid composition ; the (G + C) content of the first position of the codons in this reading frame is 51 70 whereas that of the third position is 69 ~. Such non-random distribution of residues indicates the existence of a protein encoding region.
(v) ULI07
This ORF begins at the last base of the T fragment HindIII site. Two potential splice acceptor sites (Mount, 1982) ' VZV '53 332
VZV 54 781
,,." ,7"'" "'/]
VZV 55 882 Fig. 3 . Diagon plots of amino acid sequences of homologous translation products. The HCMV (betaherpesvirus) products are compared to the homologous products from one member of each of the other herpesvirus families, namely VZV (alphaherpesvirus) and EBV (gammaherpesvirus). The length of the products are shown along the axes. For diagon computations, the span was set at 21 and the proportional scores at 235.
Discussion
Five ORFs within the 6225 nucleotide HindlII T fragment of HCMV strain AD169 are predicted to encode proteins. These proteins can be characterized into two classes: those unique to HCMV and those conserved among herpesviruses. UL106 and ULI07 have been shown by database searches to possess no counterparts either in the other herpesviruses or a general database and may therefore be HCMV-specific. Interestingly, both of these ORFs lie in the genomic coding region of a 5.0 kb RNA.
The major immediate early (IE) gene region of strain AD169 encodes four RNAs with sizes of 1.9, 2.2, 2.3 and 5.0 kb . Unlike the other three IE transcripts, the 5.0 kb RNA exists mostly, though not exclusively, in a non-polyadenylated pool and is transcribed throughout the infectious cycle. In both the HCMV Towne (Wathen et al., 1981) and Davis (DeMarchi, 1983 ) strains a similarly sized RNA is found. Plachter et al. (1988) mapped the 5' and 3' termini of the 5.0 kb RNA of strain AD169 to fragments E and T, respectively. To complete the sequence of the genomic coding region, a further 1250 bp of the 3' region was appended to that already published (Kouzarides et al., 1983; Nelson et al., 1984) . Owing to the relative abundance of termination codons that exists in all six reading frames, the authors were able to detect an ORF encoding a largest potential product of only 99 amino acids. From the sequence analysis, no easily identifiable promoter motifs were found near the supposed initiation site and the first ATG in the coding sequence is directly adjacent to an in-frame stop codon. The possibility of small ORFs splicing together was ruled out because the 5.0 kb product was determined not to undergo splicing. At the 3' end of the message a polyadenylation signal was found immediately upstream of two RNA processing sites.
Our sequence of the 3' region of fragment T (the 3' region of the 5.0 kb RNA) shows many differences to that of Plachter et al. (1988) ; many of these differences occur in areas of relative GC-richness. More ominously however, the previously published sequence omits a 202 bp SalI fragment which was detected by Plachter et al. (1988) in their nuclease analyses of the 3' end of the RNA transcript, but was dismissed as an artefact of nuclease hypersensitivity. The coding region of UL106 lies almost entirely within this SalI fragment. UL106 and UL107, the largest ORFs in the 5-0 kb RNA genomic coding region, therefore provide two potential protein products from a continuously transcribed, seemingly strainconserved, poly(A) +/(A) -RNA.
In the HCMV HindIII T fragment, three predicted proteins are encoded, UL103, UL104 and UL105, which have homology with products of both the alpha-and gammaherpesviruses. The strength of sequence conservation between these homologous proteins (UL 103, HSV UL7, EBV BBRF2 and VZV 53; UL104, HSV UL6, EBV BBRF1 and VZV 54; UL105, HSV UL5, EBV BBLF4 and VZV 55), as shown in the diagon plots of Fig.  3 , goes from weak to moderate to strong, respectively. Conservation of the collinearity of this block of homologous genes is shown in Fig. 4 . Such conservation is not always seen; Kouzarides et al. (1987) have shown this for specific homologous regions of the HCMV, HSV-1 and EBV genomes.
The herpesvirus sequences similar to that of UL103, the least conserved of the three sets, have no ascribed functions and none could be proposed from the sequence analysis. The HSV-1 homologue of ULI04, HSV UL6 has been identified by genetic analysis as a virion protein (Weller et al., 1983) and, on the basis of sequence homology, UL104 is likely to encode a virion protein.
The HSV-1 homologue of UL105, HSV UL5 was one of seven HSV-1 genomic loci identified by Wu et al. (1988) as being necessary and sufficient for the replication of plasmids carrying the HSV-1 origin of replication. From the deduced protein sequence, UL5 possesses a known ATP-binding site and it has been speculated that several components of a DNA replicative apparatus could utilize ATP, especially primase and helicase (McGeoch et al., 1988b) . In accordance with just such a functional role, Zhu & Weller (1988) have been able to localize the UL5 gene product to the nucleus and show that its continuous presence is necessary during viral DNA synthesis. A DNA helicase specifically induced by HSV-1 infection of Vero cells was partially purified by Crute et al. (1988) . The HSV-induced enzyme complex, composed of three polypeptides, differed from the host enzyme in both elution profile and nucleoside triphosphate specificity. Unexpectedly, the herpesvirusinduced helicase could hydrolyse not only ATP but also GTP. When purified to near homogeneity the enzyme was shown to be a three subunit helicase-primase complex encoded by HSV UL52, UL5 and UL8 (Crute et al., 1989) . The authors noted that although the individual enzymic activities could not be definitely ascribed to specific gene products, it was most likely, based on unpublished observations, that the ATP/GTP helicase is the product of UL5.
On the basis of computer searches Hodgman (1988) has identified a superfamily of 21 proteins involved in nucleic acid replication and recombination. This superfamily, already expanded to include new members (Lane, 1988; Leroy et al., 1989; Gorbalenya et al., 1989) , contains the herpesvirus proteins ULI05, HSV-1 UL5, VZV 55 and EBV BBLF4. Common to all members of this superfamily is the motif G/AXXGXGK (where X is any amino acid) found in ATP-and GTP-binding proteins (Walker et al., 1982; Woolley & Clark, 1989) , but the four herpesvirus proteins also possess two additional specific motifs found in GTP-binding proteins.
Studies on the primary sequence of family members of two guanine-utilizing proteins, bacterial elongation factor Tu and the proto-oncogene, p21ras, led to predictions for possible guanine nucleotide-binding regions (Halliday, 1984) . Additionally, from X-ray crystallographic structure studies of the binding of the GDP-binding domain to elongation factor Tu , a further, refined proposal for the GTPbinding domain was made (McCormick et al., 1985) . Two sites were defined as being necessary for the phosphoryl-binding region, GXXXXGK and DXXG, and a third consensus sequence for guanine specificity, NKXD, was also defined. Recently, Pai et al. (1989) have elucidated the crystal structure of the guanine nucleotide-binding domain of p21 when complexed to a GTP analogue. All three predicted GTP-binding motifs were shown to be important for GTP binding. The aspartate (Asp 119) of the NKXD guanine-specific motif was shown to contact both the exocyclic 2-amino group and the endocyclic N 1 of guanine through its carboxylate group. By altering the consensus sequence to NKXC, the motif can be shown to be present in all four herpesvirus proteins.
Replacing the aspartate of the NKXD-motif with another amino acid would be expected to alter or eliminate its specific interaction with guanine. Sigal et al. (1986) altered Asp 119 of p21 to alanine and found that the affinity of the altered protein for GDP and GTP decreased 20-fold. PEPCK and GTP:AMP phosphotransferase, two known GTP-binding proteins, have nucleotide-specific motifs different to the consensus sequence; both proteins possess tryptophan in place of aspartate. It is believed that such a substitution in the primary structure accounts for these enzymes binding not only guanine but also inosine (Tomasselli & Noda, 1979) . In guanyltransferases, however, the aspartate is substituted with glutamate but the specificity for guanine is unaltered (Dever & Merrick, 1989) . Therefore, it is interesting to speculate that by replacing aspartate with cysteine, the herpesviruses create a novel guaninespecific motif, which could account for the ability of the HSV-1 UL5 helicase, and presumably the UL5 homologues, to bind both GTP and ATP (Martignetti, 1987) ; a fifth homologue of this family has been identified in murine herpesvirus 68 (MHV 68) (M. Chee, personal communication) . This fifth member of the herpesvirus helicase family, in addition to sharing regions of strong overall homology, also contains the GTP sequence elements and the sequence NKXC (Fig. 5) . Biochemical assays on an altered helicase family gene product, in which the cysteine is replaced by aspartate to yield the (Dever et al., 1987) . The roman numerals above the alignments refer to the motifs identified by Hodgman (1988) for a superfamily of proteins involved in nucleic acid replication and recombination. Residues are underlined if conserved in all five herpesvirus sequences.
canonical consensus motif, would help to define the role of the sequence motif, as opposed to an overall protein interaction, in guanine specificity.
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